These authors contributed equally to this work Background: Montelukast, a potent oral selective leukotriene-receptor antagonist, inhibits the action of cysteinyl-leukotriene in patients with asthma. Although pharmacokinetic studies of montelukast have been reported in Caucasian adults and children, and showed large interindividual variability on pharmacokinetics, none of these studies has been explored in Chinese children. Given the potential inter-ethnic difference, the purpose of the present study was to evaluate the effects of developmental factors and pharmacogenetics of CYP2C8 and SLCO2B1 on montelukast clearance in Chinese pediatric patients. Methods: After the administration of montelukast, blood samples were collected from children and plasma concentrations were determined using an adapted micro highperformance liquid chromatography coupled with the fluorescence detection (HPLC-FLD) method. A previously published pharmacokinetic model was validated using the opportunistic pharmacokinetic samples, and individual patient's clearance was calculated using the validated model. Population pharmacokinetic analysis was performed using a nonlinear mixed-effects model approach (NONMEM V 7.2.0) and variants of CYP2C8 and SLCO2B1 were genotyped. Results: Fifty patients (age range: 0.7-10.0 years) with asthma were enrolled in this study. The clearance of montelukast was significantly higher in children with the SLCO2B1 c.935GA and c.935AA genotypes compared with that of children with the SLCO2B1 c.935GG genotype (0.94 ± 0.26 versus 0.77 ± 0.21, p = 0.020). The patient's weight was also found to be significantly corrected with montelukast clearance (p <0.0001). Conclusion: The developmental pharmacology of montelukast in Chinese children was evaluated. Weight and SLCO2B1 genotype were found to have independent significant impacts on the clearance of montelukast.
Introduction
Montelukast is a selective leukotriene-receptor antagonist (LTRA) that blocks the action of cysteinyl leukotrienes, and its efficacy in the control of symptoms associated with asthma has been previously demonstrated in adults 1 and children. [2] [3] [4] [5] Convenience in administration (once-daily), good tolerance and improved adherence make montelukast a good option for monotherapy or as an add-on therapy of asthma in pediatric patients. 6 Currently, the 4 mg (granules or chewable tablet) and 5 mg (chewable tablets) dose formulations have been identified as a prophylactic or long-term treatment option for asthma in children.
Montelukast is absorbed well after oral administration, and oral bioavailability (chewable tablets) is approximately 73%. 7 Moreover, montelukast undergoes extensive metabolism and a majority of the metabolites are excreted through bile. Previous studies have shown that the enzymes of cytochrome P450 (CYP) 2C8, 2C9, 3A4 and uridine diphosphate-glucuronosyltransferase (UGT) 1A3 are involved in the metabolism of montelukast. [8] [9] [10] [11] [12] Meanwhile, some reports have suggested that the organic anion transporting polypeptide (OATP) 1B1, 1B3, and 2B1 transporters play a part in the permeability of montelukast. 13, 14 In clinical practice, the effectiveness of montelukast shows large inter-individual variability. 15, 16 Variations among genes encoding the metabolizing enzymes or membrane transporters [8] [9] [10] [11] 13, 14, 17 were correlated with the clinical response to montelukast. 18, 19 For infants and children, the disposition of the drug is influenced by developmental changes in the body, such as organ maturation and function, as well as composition and amount of plasma proteins. 20 Meanwhile, age-dependent changes in gastric emptying, intestinal enzyme activity and transporters in infants and children may also alter the bioavailability of a drug. 21 In addition, some studies have suggested that CYP2C8 played an important role in the metabolism of montelukast; [8] [9] [10] several other studies have demonstrated that a common polymorphism of SLCO2B1, the gene coding for the OATP2B1 transport protein, exhibited a substantial effect on the pharmacokinetics and pharmacodynamics of montelukast. 13, 17 Recently, a study reported that the pharmacokinetics of montelukast was determined by OATPs-mediated uptake, along with CYP2C8 metabolism. 14 It should be noted that all these pharmacogenetic studies have been conducted in Caucasian adults. Given the impact of ontogeny and potential inter-ethnic difference, the objective of the present study was to evaluate the ontogeny and pharmacogenetic effects of CYP2C8 and SLCO2B1 on montelukast clearance in Chinese pediatric patients.
Methods Subjects
The study was designed as a prospective, open-label pharmacokinetic-pharmacogenetic trial and was carried out at Shandong Provincial Qianfoshan Hospital. Patients aged between 6 months and 12 years, with a history of asthma or asthma-like symptoms (including but not limited to wheezing, cough and shortness of breath) who underwent routine treatment with montelukast were chosen for the study. Patients were excluded if they had been enrolled in another clinical trial, had other serious diseases or had been co-administrated with known inhibitors or inducers of CYP2C8 and SLCO2B1. The study protocol was approved by the ethics committees of the clinical institution (Shandong Provincial Qianfoshan Hospital). A written informed consent was obtained from the parents or guardians of the patients, prior to the initiation of the study. This trial was conducted in accordance with the Declaration of Helsinki. The Clinical Trial registration number is NCT03238560.
Dosage Regimen and Blood Sampling
Four milligram (0.5-5years) and 5 mg (6-12years) doses of chewable montelukast tablets (Singulair™, Merck Sharp & Dohme Limited, USA) were administered oncedaily at bedtime without food. Since the volume of blood that could be obtained from individual participants was limited, an opportunistic sampling design was chosen for the collection of pharmacokinetic samples. 22 Precise drug administration time and sampling time were recorded. A blood volume of 200 μL per sample was obtained at the steady-state condition from each patient for concentration determination. After centrifugation (4000 rpm, 10 min), the plasma samples were stored at −80°C and protected from light until analysis.
Determination of Montelukast
Montelukast plasma concentration was measured using a micro high-performance liquid chromatography with fluorescence detention (HPLC-FLD). Mefenamic acid was used as an internal standard. The standard of montelukast (lot numbers M568000) was purchased from the Toronto Research Chemicals (North York, Canada). The internal standard of mefenamic acid (lot number 100190-200903) was purchased from National Institutes for Food and Drug Control (Beijing, China). HPLC-grade acetonitrile was obtained from Sigma-Aldrich (St Louis, MO, USA). The sodium acetate trihydrate, triethylamine and glacial acetic acid were obtained from Sinopharm Chemical Reagent (Shanghai, China). HPLC separation is achieved on C18 column connected to a fluorescent detector with an excitation wavelength of 350nm and emission wavelength of 400nm, using acetonitrile and water (3.4g/L sodium acetate trihydrate, 0.005% triethylamine, pH 4.0) in a gradient mode of elution at a flow rate of 1.0 mL/min at 40℃. Acetonitrile was used to precipitate protein during the plasma extraction procedures. The recovery is 87.2%. The lower limit of quantification (LLOQ) of montelukast was 1.0 ng/mL. The calibration curve used in this study stretched over a range of 1.0-2000 ng/mL. The intra-and inter-day coefficients of variation (CVs) were assessed using quality control (QC) samples and were found to be 3.58% and 4.02%, respectively.
Genotyping
Isolation of DNA from blood was performed through standard methods using the TIANamp Blood DNA Kit (TIANGEN Biotech, Beijing, China). The single nucleotide polymorphisms (SNPs) of CYP2C8*1B (rs7909236) and SLCO2B1 c.935G>A (rs12422149) were selected for genotyping. Polymerase chain reaction (PCR) was performed on a Fluorescence Quantitative PCR (Bio-Rad, Hercules, CA, USA) using TaqMan ® Universal PCR Master Mix and probes (Thermo Fisher Scientific, MA, USA).
Pharmacokinetic Analysis
Pharmacokinetic parameters were calculated using NONMEM software (ver. 7.2.0, Icon Development Solutions, Ellicott City, MD, USA). An external validation of the previously published model in children was performed at the first step; then, the validated model was used to derive individual clearance of montelukast for the following pharmacogenetic analysis. A linear threecompartment pharmacokinetic model 23 with 73% bioavailability of the chewable tablets 7 and a constant absorption rate (Ka) of 0.5L/h 24 was evaluated. The following modeling information was extracted from the published article: interindividual variability for clearance (CL), central compartment volume of distribution (Vc) and peripheral volume of distribution (Vp) (% coefficient of variation [%CV], 24.2%, 14.0% and 45.4%, respectively) by exponential error model, residual variability using a combined additive and proportional model (%CV, 3.7 ng/mL and 10.4%) and a significant influence of current weight (CW) on CL and V c , V P1 , V P2 , Q 1 , Q 2 with the following regression equations (equations 1-6):
The individual concentrations were predicted by Bayesian estimation (MAXEVAL = 0 in the estimation step, where MAXEVAL is the maximum number of model evaluations that can be used) with NONMEM using the population pharmacokinetic parameters.
Statistical Analysis
Statistical analyses were performed using SPSS statistical software version 16.0 (IBM SPSS Statistics, IBM Inc., NY, USA). The Hardy-Weinberg equilibrium was verified for CYP2C8*1B (rs7909236) and SLCO2B1 c.935G>A (rs12422149) genotypes. The medians and ranges of continuous variables were summarized, and linear regression analysis was carried out. Frequencies and proportions were used to summarize categorical variables, while the Mann-Whitney U-test was used to compare the variance between groups (patients with homozygous wild-type alleles and patients with heterozygotes and homozygous alleles).
Multiple linear regression analysis with entry criteria of 0.20 and exit criteria of 0.05 in a stepwise selection method was performed to determine the association between multiple factors and montelukast clearance.
Results
Fifty patients were enrolled in this study. All patients met the inclusion and exclusion criteria and written informed consent for their participation was obtained. Eight patients use montelukast as monotherapy and 42 patients with comedication of loratadine. No drug-related adverse events were shown to have a causal association with Montelukast therapy. The mean (standard deviation) age was 4.4 (2.4) (range 0.7-10.0) years and the mean (standard deviation) weight was 19.9 (8.4) (range 7.0-49.0) kilograms. The characteristics of patients are summarized and presented in Table 1 . The opportunistic sampling time ranged from 0.5 to 24.8 hrs post-dose. The external validation of the developed model showed a good predictive performance (Figure 1 ). The average prediction bias was 7.1%, and 74.1% of the measurements were within ±50% of the prediction error. All 50 patients who participated in the study were genotyped for CYP2C8*1B g.-271C>A (rs7909236) and SLCO2B1 c.935G>A (rs12422149) polymorphism. The frequencies of CYP2C8*1B and SLCO2B1 c.935G>A were 8.0% and 58.0%, respectively. For CYP2C8*1B, the frequency is comparable to that of published data in Chinese populations. 25 All genotypes were in Hardy-Weinberg equilibrium. The results are summarized in Table 1 .
The pharmacokinetics of montelukast was found to be significantly correlated with SLCO2B1 genotype. Montelukast clearance was significantly higher in SLCO2B1 c.935GA and c.935AA subjects compared with that of SLCO2B1 c.935GG subjects (0.94 ± 0.26 versus 0.77 ± 0.21, Mann-Whitney U-test, p = 0.020) ( Figure 2 ). Weight was also found to be significantly correlated with montelukast clearance (p <0.0001) (Figure 3 ). In final, multiple linear regression analyses revealed that the distinctive factors that are associated with montelukast clearance include weight (p = 0.035) and SLCO2B1 c.935G>A genotype (p = 0.045). These two factors could explain about 44.1% of the variability in montelukast clearance (R 2 = 0.464). Weight and SLCO2B1 genotype explained 60.2% and 24.9% strength of association, respectively. The two SLCO2B1 genotype groups are comparable in terms of age, weight, dose and cotreatment ( Table 2 ).
Discussion
The developmental pharmacogenetics of montelukast was evaluated for the first time in Chinese children. The independent impacts of weight and SLCO2B1 genotype on montelukast clearance were demonstrated. In our present study, montelukast clearance showed considerable inter-individual variability that may partly be due to the variants of SLCO2B1 c.935G>A genotypes among patients. Our findings suggest that SLCO2B1 c.935G>A genetic polymorphism has a significant influence on montelukast clearance, and that the mean clearance increased by 22.1% in c.935GA and c.935AA groups compared with that of the c.935GG group. The increase in montelukast clearance is reflected through lower concentrations of montelukast, resulting in decreased AUC. This result is consistent with previous studies on adults. 13, 17 In addition, previous data indicated that subjects with the c. 935GG genotype had a better clinical response in montelukast add-on therapy compared with those with the c.935GA and c.935AA genotypes, after one and six months of therapy, respectively. 13 The present results showed that subjects with c.935GA and c.935AA genotypes had lower plasma levels of montelukast, which may result in poor efficacy, and this factor should be considered in order to optimize the dosing of montelukast during therapy. Some previous studies showed a negative impact of SLCO2B1 polymorphisms on the pharmacokinetics of montelukast. 26, 27 The reasons for this discrepancy can be speculated as follows. As shown in Table 1 , the allele frequency of c.935G>A in the Chinese population is 58.0%, which is higher than that in other ethnic groups: 8.18% for Caucasians, 13.6% for African-Americans, 17 13 .2% for Finnish 26 and 42.7% for Koreans. 27 Furthermore, the number of participants in previous studies was between 24 and 33 individuals. Therefore, it can be ruled out that a limited number of participants may have yielded falsenegative results.
In addition to the SLCO2B1 c.935G>A polymorphism, we also evaluated CYP2C8 polymorphism. The results showed no effect of CYP2C8 polymorphism on Montelukast clearance was detected, even though it was estimated that 80% of the montelukast metabolism is mediated by CYP2C8. 9 Previous studies have suggested that CYP2C8, especially CYP2C8*3 and CYP2C8*4 alleles, play an important role in the inter-individual variability of many drugs. 25, 28, 29 However, the approximate allele frequencies of CYP2C8*3 and CYP2C8*4 in Han Chinese are nearly zero. For CYP2C8*1B (rs7909236), the allele frequency in our study was found to be only 8%, which is lower than that in Caucasians (24%). 30 Moreover, it has been suggested that except for an increase in promoter activity and transcription factor binding, there was no difference in protein expression between CYP2C8*1B variant allele and wild-type allele. 25, 30 These factors may explain why CYP2C8 variants were not found to be significantly associated with montelukast clearance.
The impact of weight on montelukast clearance is in agreement with the results of a previous pharmacokinetic study in children. 23 The clearance of montelukast increased allometrically along with body weight.
However, there are some limitations in our present study. Since the primary objective was to evaluate the ontogeny and pharmacogenetic effects of CYP2C8 and SLCO2B1 on montelukast pharmacokinetics in Chinese pediatric patients, the effectiveness was not evaluated. In addition, the unexplained variability in our study is still large, indicating that other covariates still contribute to the pharmacokinetics of montelukast. These missing covariates also require further evaluation. Montelukast alone 3 5 In conclusion, the developmental pharmacogenetics of montelukast in Chinese children was evaluated. Weight and SLCO2B1 genotype were found to have independent significant impacts on the montelukast clearance. Our results emphasize the importance of evaluating the developmental pharmacology of montelukast in inter-ethnic populations.
